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Commentary

Probing toward atomic resolution in molecular topography
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Work representing an important milepost
in the development of atomic force mi-
croscopy (AFM) of biological macromol-
ecules, just published in these Proceed-
ings (1), deserves special note and com-
ment, both for its advanced level of
sophistication and for its unique degree
of accomplishment.
What distinguishes this work, in terms

of its sophistication, is the quantitative
comparison made between high-resolu-
tion surface topographs obtained from
identical protein specimens by two com-
pletely independent methods. The spec-
imen used in this work was a two-
dimensional, crystalline protein array
isolated from the surface of a bacterium,
Deinococcus radiodurans. The surface
topography of this sheet-like protein
crystal was first imaged by AFM; more
about this shortly. In addition, however,
a high-resolution, three-dimensional re-
construction of the surface of the same
specimen was produced by state-of-the-
art, low-dose electron microscopy. Both
of the molecular topographs exhibit a
lateral resolution close to 1 nm.
What is most significant about the re-

sulting comparison between the two to-
pographs is the fact that, when superim-
posed, they show an average deviation in
height of less than 0.5 nm. One is hard
pressed to say which is more important:
Does electron microscopy, the gold stan-
dard of resolution and accepted method-
ology, validate the AFM image, which
might otherwise be thought to be limited
by a host of effects that are still being
discussed in the literature? Or does the
AFM image, obtained in the wet state and
with incomparable resolution in the third
dimension, establish that electron crys-
tallographic reconstructions of macro-
molecular surfaces are perhaps better
than might have been supposed, given
the relatively poor resolution in the third
dimension that is an unavoidable conse-
quence of access to only a restricted
range of specimen tilt angles (2, 3)? The
fact that AFM could even be considered
as being a suitable tool to validate struc-
tural information obtained by electron
microscopy shows just how far this new
technique has come in the short time, less
than 8 years, since it was first introduced
(4).
Even more could be said by Karrasch

et al. (1) about the reproducibility and

validity ofthe current AFM images, how-
ever, by using methods developed previ-
ously in electron microscopy to align and
superimpose images of individual mole-
cules. Some variations in the height ofthe
AFM surface topograph were found at
equivalent positions in different unit
cells, of course. What is so impressive in
the final result is that the height varia-
tions were found to be less than 0.1 nm in
some parts of the unit cell, which in
retrospect can be described as areas of
exceptional rigidity and crystallographic
perfection, while other parts of the unit
cell showed height variations approach-
ing 0.5 nm. Since the variation in height
is not uniform over the unit cell, it is
natural to attribute the observed pattern
to differences in flexibility of different
parts of the structure itself.
A state-of-the-art innovation in speci-

men immobilization employed by Kar-
rasch et al. is yet another novelty that
distinguishes this work, and no doubt has
been an essential ingredient ofits success.
In work described at greater length else-
where (5), Karrasch et al. have shown that
glass surfaces can be covalently modified
with an aminotriethoxysilane, which can
then be derivatized with N-5-azido-2-
nitrobenzoyloxysuccinimide, a photosen-
sitive crosslinker. Sample material is ap-
plied to this modified glass surface, where
it becomes attached by covalent bonds
when illuminated with light in the near
ultraviolet. It is becoming increasingly
well established that firm attachment of
the specimen to the substrate is a prereq-
uisite for high-resolution applications of
AFM with biological molecules.
Firm attachment ofthe specimen to the

substrate, and rigid connections within
the plane of the specimen, would seem to
be required by the fact that the force used
during acquisition of the AFM image is
orders of magnitude greater than the
force needed to move individual domains
within biological macromolecules. The
smallest force reported for successful op-
eration with biological specimens has
been as little as 0.1 nN, yet even this tiny
force is overwhelming in comparison to
the force of :1 pN exerted by myosin
molecules during the individual power
strokes that underlie muscle contraction
(6).

It is not so surprising, then, that elastic
deformation and outright plastic defor-

mation of the specimen are easily ob-
served during AFM imaging. A very im-
portant study in this regard was pub-
lished by Butt et al. (7), using the purple
membrane of Halobacterium halobium
as a test object. This specialized patch of
cell membrane, made up of a two-
dimensional crystalline array of a single
protein (bacteriorhodopsin) and lipid,
would seem to be ideal for AFM studies
because it has very little variation in
surface height, ensuring that resolution
will not be-degraded by "convolution"
with the large radius of the probe tip.
Even with forces kept below 1 nN, how-
ever, it was evident that the hexagonal
symmetry of the lattice was markedly
distorted by the frictional (transverse)
force exerted when recording the AFM
image. As a result, the resolution in the
direction parallel to the scan was worse
than the nominal 1.1-nm resolution ob-
served in the direction perpendicular to
the scan direction (7). Another example
relevant to this point is found in recent
images of cholera toxin, a protein of 85
kDa, stabilized within a bilayer of poly-
merizable phospholipid (8). In specimens
prepared with just the B subunit, a high
percentage of molecules show the pen-
tagonal subunit structure and the cental
hole expected of this molecule when the
probe force is below 1 nN, but any rela-
tionship to known molecular structure is
lost at probe forces close to 1 nN. Many
other accounts of image distortions (9,
10) and even structural "dissection" or
cutting by the probe tip (11, 12) have been
reported in the recent literature.

It is encouraging that none of these
deformations and distortions seemed to
be apparent in the study by Karrasch et
al. (1) of the bacterial surface-layer pro-
tein. When the biological specimen struc-
ture is simple and the topography is al-
most flat, even some earlier results of
AFM imaging have come surprisingly
close to achieving atomic resolution.
Resolution of individual methyl groups
was seen on the surface of a cadmium
arachidate monolayer supported on a sil-
icon oxide substrate by polar-group in-
teractions (13). Nearly as high resolution
was also achieved in imaging individual
phospholipid head groups on samples
prepared by transfer of a lipid monolayer
onto a hydrophobic surface prepared by
covalent reaction of mica with octadecyl-
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trichlorosilane (14). With superior meth-
ods of attaching specimens to a rigid
substrate, it would seem there is hope
that other specimen materials such as
purple membrane (7), virus particles (15),
and nucleic acids (16, 17) may also be
imaged with higher resolution and less
distortion than before. What, then, is the
limit that may ultimately prove to be
possible in biological AFM?
The ambition of many is to see the

detailed surface structure ofproteins and
other macromolecules in a native, aque-
ous environment-preferably at atomic
resolution-and to observe the changes
in structure ofthese macromolecules that
occur at different stages oftheir biochem-
ical function. One imagines that AFM
images could be obtained with tremen-
dous increases in speed and ease com-
pared with electron microscope recon-
structions, x-ray crystal structures, or
NMR structures. High-resolution AFM
topographs would require less than mi-
crogram amounts of specimen, and they
could be obtained under any imaginable
solution conditions that may be appro-
priate. Although it is probably true that
these AFM images would only begin to
scratch the surface of what is knowable
about function-associated changes in
conformation and structure, they would
still be welcomed as a tool with enor-
mously widespread utility if this ambition
could be realized.

It is an open question, however, whether
the ambition of atomic-resolution images
of macromolecular surfaces is in princi-
ple achievable, as limited both by physics
and- by practical engineering consider-
ations. Clear-headed reasoning and anal-
ysis, as well as empirical research and
development, are still required in order to
define the ultimate limitations on what
will be possible to accomplish. The ra-
dius of curvature of probe tips is one
factor that is well recognized as being a
current limitation in biological AFM, and
the very large forces used (see above) is
a second. As we will discuss shortly, the
development of sharper tips will only
increase the need to operate at lower
forces, and thus the two recognized lim-
itations in current work are not indepen-
dent of each other.

In order to be able to probe closely
around surface bulges and into re-entrant
grooves and cavities, the radius of cur-
vature of the tip must be appreciably
smaller than that of the surface features
to be imaged. Fabricating a tip that can
probe around the 0.5-nm width of a sur-
face loop of polypeptide, or down into a
cleft between two domains of a folded
protein, poses engineering and materials

challenges for which there are yet no
known solutions. We must envision here
a rigid rod that can tap and probe, like a
blind explorer's cane, following the mo-
lecular surface as faithfully as individual
water-of-hydration molecules can do.
But even if such sharply pointed tips
were readily available today, the force at
which the AFM is operated would have
to be drastically reduced to prevent the
tip from breaking through the molecular
surface, inserting itself like a needle into
the bulk of a protein domain. What force,
as an example, would be required to
thread a 0.5-nm-diameter needle between
segments of protein secondary structure,
such as the space along the axis of a
four-helix bundle? Whatever this inser-
tion force may be, the ultimate AFM of
our ambitions must operate with a lighter
touch than that. Fortunately, the limits as
to how low a force can be used for stable
AFM imaging have in no way yet been
reached; atomic resolution images of cal-
cite in water have recently been obtained
at forces as low as ~0.01 nN (18).

Operation at too sensitive-i.e., too
low-a force brings new complications,
however, that themselves have the po-
tential to frustrate our desire to see sur-
face detail at atomic resolution. If the
probe position is advanced only to the
point where a tiny, noninvasive force is
exerted on the specimen, the probe may
turn out to be so far above the molecular
surface that atomic resolution is no
longer possible. As an example, when the
tip is not in direct steric (repulsive) con-
tact with the organic molecule, the sur-
faces of constant force may be deter-
mined by hydration effects and electro-
static interactions, which are longer
range (and thus lower resolution in na-
ture) than the forces that would report
atomic-resolution surface features. Con-
fronted with this particular sour lemon,
some have already found a way to turn it
into sweet lemon pie by using the AFM to
directly measure hydration forces and
electrostatic interactions between differ-
ent types of surface materials (19-21).

Special mention should be made of the
recent review by Yang et al. (22), where
a much more complete citation of impor-
tant contributions will be found than the
limited space here has permitted. An im-
portant threshold has now been crossed in
showing thatAFM surface maps compare
favorably, at a resolution of -1 nm, to
those which can be obtained-with far
greater effort-by electron microscopy
(1). Even with little or no further devel-
opment in methodology and instrumenta-
tion, new opportunities for the character-
ization of mesoscopic conformational

changes have been opened up by this
important advance. While there are plenty
of challenges that still lie ahead, there
must also be a lot of fun yet to be had in
defining precisely what is possible in a
fundamental sense, and in seeking meth-
ods and designs that can get as close as
possible to what physical reality will per-
mit.
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